The functional organization of the hippocampus is distributed as a gradient along its longitudinal axis that explains its differential interaction with diverse brain systems. We show that the location of human tissue samples extracted along the longitudinal axis of the hippocampus can be predicted within 2mm using the expression pattern of less than 100 genes. When variation in this specific gene expression pattern was observed across the whole brain, a distinct anterioventral-posteriodorsal gradient was observed. Frontal, anterior temporal and brainstem regions involved in social and motivational behaviors, selectively vulnerable to frontotemporal dementia and more functionally connected to the anterior hippocampus could be clearly differentiated from posterior parieto-occipital and cerebellar regions involved in spatial cognition, selectively vulnerable to Alzheimers disease, and more functionally connected to the posterior hippocampus. These findings place the human hippocampus at the interface of two major brain systems defined by a single distinct molecular gradient. (148/150) 
Introduction
Figure 1: Gene expression predicts the location of tissue samples along the longitudinal axis of the hippocampus. A) (top) A curved skeleton of voxels was fitted along the center of mass of the hippocampal volume. (middle) Tissue samples (orange) were matched to the closest skeleton voxels (blue). (bottom) A sample's position along the longitudinal axis was represented as the y-axis coordinate of the sample's matched skeleton-voxel. B) Average predicted sample position (using gene expression) across ten separate 10-fold cross-validated LASSO-PCR models, compared to the actual position. C) Render of the hippocampal surface where each vertex shows the predicted location of the closest (surface projected) sample to that vertex. The smooth appearance of the right hippocampus is related to the fact that less samples were available for this structure. (D) Predicted vs. observed sample locations for leave-one-subfield-out models. For example, subpanel "CA1" shows the predicted vs. observed position of samples extracted from CA1 (test set) when the model was trained without CA1 samples (training set). In each plot, N represents the number of samples in the training and test sets. E) Predicted vs. observed sample locations for leave-one-donor-out models. F) The 100 most important probes in the LASSO-PCR model were iteratively removed and, after each removal, 10-fold cross-validation accuracy predicting sample position along the longitudinal axis was recorded (blue dots). G) The first 50 rounds of 100-probe removal from Panel A. Inflection points were identified after removing 100, 600, and 2700 genes. H) Accuracy in predicting sample position was recorded for models using different gene sets identified by the inflection points in panel G (blue), samples of 100 random within-set probes (green), and samples of random probes (orange) as input. Each model was run ten times with different bootstrap samples to calculate confidence intervals. ered, supporting the notion that this gene set is important for regulating the Values were smoothed with a 3mm gaussian kernel across the x-dimension only and then clustered so that anterior-posterior patterns can be clearly visualized. C Average absolute local feature importances of probes in Gene Set 1 measured using a Random Forest-based feature explainer across all samples. D Surface rendering of the expression patterns of each of the five genes identified as locally important features to predicting position along the longitudinal axis. E For each of the five genes, the relationship between expression and position along the longitudinal axis (r 2 ) is plotted stratified by subfield.
dictors of position along the longitudinal hippocampus axis (Fig. 2C ). This to the model (Fig. 2D ). For example, for some genes the anterior-posterior 149 expression pattern was greater in certain subfields (Fig. 2E ).
150
Feature explainers run on Sets 2 and 3 alone revealed more contributing 151 features with less individual importance, compared to Set 1 and pools in- cluding Set 1 (Supplementary Fig. S2 ). This suggests individual sample Table S2 ). Once again, a
170
cluster of genes emerged associated with cell motility and migration, which 171 again included genes previously described from the rodent literature (e.g.
172
NTNG2, SEMA3E, NOV, SEMA4G, CADM1, CYP26B1). A second cluster 173 emerged involving genes associated with both amine transport and neuronal 174 migration, and also included some previously described genes (e.g. RAB3B,
175
PENK, NTF3, NTS, OLFML2B, RASD2, RXRG, TIMP2).
176
As a way of validating the candidate genes identified, we repeated our 177 analyses using Partial Least Squares regression (PLSR), another algorithm 178 appropriate given the high dimensionality of our data. Using all probes, we 179 obtained similar overall cross-validation results ( Supplementary Fig. S3 ).
180
Of the top 100 probes identified by the PLSR model, 50 were included in Set (Fig. 4C ).
219
The strength of this relationship differed depending on where along the 220 anterior-posterior axis the divisions were drawn, which parts of the brain
221
were included, and the size of the cube used to extract data around the 222 sample coordinate ( Supplementary Fig. S4C ). (Fig. 4B ).
245
To validate these finding without relying on an anterior-posterior split,
246
we utilized a previously validated data-driven approach [52, 36] 
Discussion

333
The hippocampus plays a central role in many systems that regulate be- 
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[22] Fuentealba, P., Klausberger, T., Karayannis, T., Suen, W. Y., Huck, J., Tomioka, R., Rockland, K., anterior and posterior sites, but would also allow for detection of more com-800 plex gradients. Notably, the hippocampus curves dorsally and medially, so a 801 straight line may not be appropriate for defining its longitudinal structure.
802
The objective is to identify a curved path that follows the center of mass 803 of the hippocampus along its curvilinear shape (Fig. S1B) . The initial hip- sample coordinates along a single anterior-posterior dimension. (Fig. S1B) .
826
Note that, depending on location of the sample, the MNI y-coordinate of the 827 sample may not share the same y-coordinate of the closest skeleton point. to us, and we do not necessarily want to select one of a set of co-expressed 838 genes. Therefore, we opted instead to use a LASSO-PCR approach [53, 30] .
839
Such an approach will reduce the dimensions of the data while preserving 840 gene co-expression networks, yet still allow for a sparse selection of features.
841
In summary, we reduced our input data, a 170 (sample) x 58,692 (probe) 842 matrix, using principle components analysis (PCA) with singular value de- of principal components to position. We derive estimates of A using LASSO.
866
The coefficients of the two regression equations are related by the expressions 867 A = P T B and B = P A, so we estimateB = PÂ, giving us the beta values 868 of the individual probes, which are in terms of the original probes.
869
There are limitations to this approach. Beginning with the full set of 870 components can incidentally retain small components and make estimates of 871 beta coefficients unstable [30] . Interpretation of the components is challeng-
872
ing, and here they were generated without the dependent variable (the mea- when estimating regression coefficients we have:
This is equivalent to using the estimates of coefficients from the LASSO- by chance, 1000 sets of 100 random probes were generated, and used to cal-1206 culate the probability of overlap between 100 random features and the 100 1207 features from the the hippocampus longitudinal axis model. 
1232
To help visualize these results, we created a word cloud summarizing 
